A method was developed to measure the activities of enzymes in extracts from single human preimplantation embryos. The 
Introduction
Preimplantation mammalian embryos generate ATP largely via the uptake and metabolism of exogenous nutrients present in oviduct and uterine fluids in vivo, and in culture media in vitro (Biggers and Stem, 1973; Wales, 1975; Leese, 1991) . The early developmental stages are characterized by low metabolic activity and the oxidation of substrates such as pyruvate and lactate. Glucose may be toxic at this time (Chatot et al, 1989) , although this effect depends on the media (Lawitts and Biggers, 1992 (Leese and Barton, 1984; Gardner and Leese, 1986, 1988; Hardy et al, 1989; Gott et al, 1990; Brison and Leese, 1991 (Brinster, 1971) and hexokinase (HK) (Brinster, 1968a;  Hooper and Leese, 1989) . The activity of 6-phosphofructo¬ kinase is greater than that of hexokinase, and shows no significant variation with embryo development. By compari¬ son, hexokinase increases from the eight-cell to the blastocyst stage, in parallel with the rise in glucose uptake at this time. However, the activity of HK is about four times greater than the consumption of glucose at each stage of development (Gardner and Leese, 1986;  Hooper and Leese, 1989) . Barbehenn et al (1974 Barbehenn et al ( , 1978 Mroz and Lechene (1980) , Leese et al (1984) and Leese and Barton (1984 (Figs 3b, c; , although the activity of GPI decreased from the four-eight cell to the eight-sixteen cell stage (P < 0.05). The maximum activity of hexokinase decreased from the two-eight cell to the eightsixteen cell stage (P < 0.05), and increased significantly from the eight-sixteen cell to the blastocyst stage of development (P < 0.01; Fig. 3a (Lowry and Passoneau, 1972) , which are time-consuming and technically very demanding.
The absolute enzyme activities, expressed in terms of cell dry mass, compared well with those in adult mammalian tissues; heart, liver, kidney, lung, fat, brain and skeletal muscle (Lowry and Passoneau, 1964; Shonk and Boxer, 1964; Shonk et al, 1964; Crabtree and Newsholme, 1972; Budohoski et al., 1982; Blomstrand et al, 1983 Blomstrand et al, , 1986 Lowry et al, 1983; Board et al, 1990 ). This was especially the case for hexokinase, 6-phospho¬ fructokinase, pyruvate kinase, fructose-1,6-diphosphate aldolase, glucose phosphate isomerase, lactate dehydrogenase and 2-oxoglutarate dehydrogenase. In contrast, the activity of glucose-6-phosphate dehydrogenase in the embryos was extremely high, and that of glycogen phosphorylase low. When the enzyme activities for human embryos were expressed relative to hexo¬ kinase, the pattern for PFK, PK, ALD, GPI, LDH and ODH was similar to that found in the adult tissues listed above. The exceptions were again, G6PDH, the relative activity of which was very high and GP, which was low.
Potential exogenous and endogenous energy sources available to the human preimplantation embryo include glucose, pyruvate, lactate, glycogen, amino acids and lipids (Leese, 1991) . The uptake of exogenous nutrients, glucose and pyruvate, and the formation of lactate, have been measured in single human embryos cultured in vitro (Hardy et al, 1989; Gott et al, 1990) .
During the early stages of development, pyruvate is consumed preferentially, before a significant increase in glucose uptake (Fig. 3a) parallels the increase in glucose uptake (Hardy et al, 1989) , although the activity of hexokinase is greater than the uptake of glucose at each stage of development, by a factor of 2-6. The corresponding values for PFK and PK are 13-39 and 134-403, respectively, depending on which developmental stage is taken for compari¬ son. However, a regulatory role for 6-phosphofructokinase is still likely, as is the case in the mouse embryo (Barbehenn et al, 1974 (Barbehenn et al, , 1978 (Chi etal, 1988 ).
Hexokinase and 6-phosphofructokinase activities are 4.5 times greater in embryos than in oocytes, suggesting that of the glyco¬ lytic enzymes, they may become most important in the regulation of glucose metabolism after fertilization.
Total lactate production steadily increases with development in the human embryo, from 43.6 pmol per embryo h_1 on day 2.5 after insemination to 95.4 pmol per embryo h~on day 5.5 (Gott et al, 1990) . Wales et al. (1987) reported a maximum value of 36.6 pmol per embryo h~l for lactate production from glucose, by the human blastocyst. The activity of LDH is 6-7 times greater than the total rate of lactate production, and 8-28 times greater than the potential contribution to lactate formation from the aero¬ bic glycolysis of exogenous glucose (Wales et al, 1987; Gott et al, 1990) . The activity of LDH in mouse preimplantation embryos is similarly far greater than the amount required to account for lactate production (Brinster, 1965; Epstein et al, 1969) .
The activities of ALD and GPI in the human embryo are similar to those in the mouse (Epstein et al., 1969; West et al, 1986 West et al, , 1989 , if the fivefold difference in volume is taken into consideration. However, the activities of G6PDH, HK and PFK are higher in human than in mouse embryos (Brinster, 1966 (Brinster, , 1968a (Brinster, , 1971 Epstein el al, 1969; Leese, 1987; Hooper and Leese, 1989) and cannot be accounted for in this way. The reverse is true for LDH which is 9-86 times greater in mice (Brinster, 1965; Epstein et al, 1969) .
It has been suggested that the breakdown of glycogen may contribute to the production of lactate in the human embryo (Gott et al, 1990 (Fridhandler, 1961; O'Fallon and Wright, 1986) . Even if all the exogenous glucose consumed by the human embryo was converted to glucose-6-phosphate, and subsequently metabolized by this pathway, the activity of G6PDH would still be greater, by a factor of 168-505. Enzymes detected in the embryo up to the four-eight cell stage will be proteins synthesized from the mRNA inherited from the oocyte, as the embryonic genome is not activated until this time (Braude et al, 1988; Tesarik, 1988) . The fall in G6PDH activity with development, which also occurs in the mouse embryo (Brinster, 1966; Leese, 1987) (1974, 1978) suggested that an enzyme between 2-oxoglutarate and malate, might play a role in regulating the metabolism of glucose in the mouse preimplantation embryo. If such a step was rate-limiting, it could account for the high concentration of citrate found in the embryo (Barbehenn et al, 1978 (Blomstrand et al, 1983 (Blomstrand et al, , 1986 
